Abstract. Amylin is a pancreatic hormone that plays important roles in overall metabolism and in glucose homeostasis. The therapeutic restoration of postprandial and basal amylin levels is highly desirable for patients with diabetes who need to avoid glucose excursions. Protein conjugation with polyethylene glycol (PEG) has long been known to be a convenient approach for extending the biological effects of biopharmaceuticals. We have investigated the reactivity of amylin with methoxy polyethylene glycol succinimidyl carbonate and methoxy polyethylene glycol succinimidyl propionate, which have an average molecular weight of 5 kDa. The reaction, which was conducted in both aqueous and organic (dimethyl sulfoxide) solvents, occurred within a few minutes and resulted in at least four detectable products with distinct kinetic phases. These results suggest a kinetic selectivity for PEGylation by succinimidyl derivatives; these derivatives exhibit enhanced reactivity with primary amine groups, as indicated by an evaluation of the remaining amino groups using fluorescamine. The analysis of tryptic fragments from mono-and diPEGylated amylin revealed that conjugation occurred within the 1-11 amino acid region, most likely at the two amine groups of Lys 1 . The reaction products were efficiently separated by C-18 reversed phase chromatography. Binding assays confirmed the ability of mono-and diPEGylated amylin to interact with the amylin co-receptor receptor activity-modifying protein 2. Subcutaneous administration in mice revealed the effectiveness of monoPEG-amylin and diPEG-amylin in reducing glycemia; both compounds exhibited prolonged action compared to unmodified amylin. These features suggest the potential use of PEGylated amylin to restore basal amylin levels.
INTRODUCTION
Amylin is a 37 amino acid pancreatic protein hormone that is co-secreted with insulin (1) and typically displays low basal serum levels and higher postprandial concentrations (2) .
Amylin plays an important role in the control of various physiological and metabolic functions such as glucose and lactate homeostasis and the regulation of insulin and glucagon secretion (2, 3) .
The use of amylin restoration to the treatment of diabetes was originally suggested (4), shortly after its discovery by two independent groups (5) (6) (7) (8) . However, human amylin displays limited solubility in an aqueous medium (9) , which prompted a proposal to use the triple proline amylinomimetic compound (Pro 25, 28, 29 ) pramlintide (10) after the discovery of more stable proline-rich amylin variants compounds (11) . Pramlintide is administered by subcutaneous (s.c.) injection shortly before mealtime, which mimics postprandial amylin levels. However, to date, there is no product available to restore basal amylin levels in the fasting state; the only currently available product is a polymeric system doped with amylin for sustained and controlled hormone release (12) .
Bioconjugation with polyethylene glycol (PEG) has long been used as a strategy for modifying the pharmacokinetics of therapeutic proteins (13, 14) . The addition of one or more PEG chains to a macromolecule can enhance its lifetime circulation and solubility and can also modify its biological activity (13) (14) (15) (16) (17) . Amylin decays rapidly in plasma, with a half-life (t 0.5 ) of approximately 13 min (10); therefore, increasing the amylin t 0.5 would be a desirable strategy to achieve effective basal hormone restoration.
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In an attempt to develop a conjugated amylin product with improved control over glycemia, we evaluated the PEGylation strategy using two distinct methoxy polyethylene glycol (mPEG) succinimidyl coupling agents, namely, mPEG succinimidyl carbonate (mPEG-SC; Fig. 1b ) and mPEG succinimidyl propionate (mPEG-SPA; Fig. 1c ), both in aqueous (phosphate buffered saline (PBS), pH 7.4) and nonaqueous (dimethyl sulfoxide (DMSO)) solvents. Our results show that both coupling agents exhibit similar reaction kinetics and that purified mono-and diPEGylated amylin exert more sustained effects on in vivo glucose homeostasis relative to unmodified amylin. We discuss the therapeutic potential of PEGylated amylin in restoring basal amylin levels and its applicability for the modification of other amylin and amylinomimetic compounds.
MATERIAL AND METHODS

Reagents
Carboxy-amidated murine (mouse/rat) amylin (CAS 122384-88-7) with a disulfide bridge between C2 and C7 was obtained from GenScript (USA; cat. no. RP11280, lot nos. 55613-1, 40214-1, and 128567001040611LQ). Methoxyl polyethylene glycol succinimidyl carbonate and propionate (both with average molecular numbers=5 kDa, polydispersity=1.08 according to the manufacturer) were both acquired from Nanocs (USA). Fluorescamine (CAS no. 38183-12-9) and fluorescein isothiocyanate (FITC) were purchased from Sigma-Aldrich Brazil. Distilled water was deionized to less than 1.0 μs and filtered prior to use through a 0.22-μm pore membrane in a water purification system. All other reagents were of analytical grade. All buffers and solutions were prepared immediately prior to use.
Amylin PEGylation
Amylin (5 mg/mL) was PEGylated by mixing it with the desired amount of mPEG (as indicated in the "Results" section) in either aqueous solution (PBS buffer, 8.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl, pH 7.4) or DMSO at 25°C. Aliquots were collected at the indicated times and quenched by the addition of excess Llysine or by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (18) (19) (20) (21) .
Electrophoretic Analysis of PEGylation Reaction
The quenched reaction was analyzed on a 22.5% SDS-PAGE gel (18) (19) (20) (21) , with bovine serum albumin (66 kDa), lysozyme (14 kDa), and insulin B-chain (3.4 kDa) as molecular weight markers. A molecular weight estimation could not be performed by comparison to the ladder due to the anomalous (slower) migration of PEGylated products on gels (18, 20) . The gels were stained with the Coomassie Brilliant Blue R-250 followed by barium iodine staining for PEG detection (18) . The stained gels were digitized for further data analysis by integration with ImageJ (22) . Peak analysis was performed through a curve-fitting process using Fityk (23), assuming Gaussian functions for each peak.
Kinetic Analysis of the Amylin PEGylation Reaction
The PEGylation reaction was followed by a derivatization of the remaining primary amines in amylin with fluorescamine, as described in detail elsewhere (12, 24) . In brief, the PEGylation reaction was aliquoted at varying time intervals as indicated in the figures and was added to freshly prepared fluorescamine solution (0.05% in DMSO), and the resulting mixture was added to PBS. Fluorescence readings were performed using the Jasco FP-6300 spectrofluorometer (Jasco, Inc., USA) with excitation at 390 nm and emission at 475 nm. The readings were corrected for their signal contributions with a blank sample.
PEGylation Product Purification
Preparative bioconjugation and further amylin purification were carried out as follows. Amylin was dissolved in DMSO to yield 10 mg/mL final concentration and then added to an equal volume of mPEG succinimidyl-DMSO solution for a molar excess of 10:1 mPEG/amylin. Reactions conducted with a molar excess of 5:1 or lower resulted in very poor conjugation efficiency, yielding a large amount of free, nonconjugated amylin, even after a 4-h reaction. At given time intervals, 10-μL aliquots were collected for SDS-PAGE analysis, and 2-μL aliquots were collected for fluorescamine analysis (see below). The PEGylation reaction was stopped with Llysine in water (2 mol L-Lys added for each 1 mol mPEG) and then diluted 1:1 (v/v) with mobile phase A (0.1% trifluoroacetic acid (TFA) in water). The reaction was then chromatographed using the Jasco LC-2000 HPLC System (Jasco, Inc., USA) and the Kromasil C18 column (250 × 10 mm, particle size 5 μm) with a flow rate of 4 mL/min. The chromatography procedure consisted of a 15-min linear gradient of acetonitrile in water containing 0.1% (v/v) TFA, progressing from 40% (after 5 min at 0% B) to 70%. The purification was monitored by following the absorbance at 220 nm. The samples were pooled as indicated, lyophilized, and then dissolved in water for immediate use. The protein content was evaluated by the Bradford assay (25), which did not show any interference from conjugated free mPEG-SC or mPEG-SPA moieties as judged from control analytical curves with free mPEG (not shown).
In-Gel Trypsin Digestion of mPEG-Amylin Products
A total of 10 μg of conjugated amylin from each reaction was separated on a nonreducing 22.5% SDS-PAGE gel. The bands were removed from the gel and subjected to in-gel trypsin proteolysis. The gel pieces were destained with 25 mM ammonium bicarbonate in 50% acetonitrile for 20 h at room temperature. The protein disulfide bonds were reduced with 10 mM dithiothreitol in 25 mM ammonium bicarbonate for 1 h at 56°C and then treated with 55 mM iodoacetamide in 25 mM ammonium bicarbonate for 45 min at room temperature in the dark. The solution was removed, and the gel slices were washed with 25 mM ammonium bicarbonate in 50% acetonitrile for 10 min and then dehydrated with 100% acetonitrile for 5 min. The acetonitrile was removed, and the gel slices were rehydrated in 25 mM ammonium bicarbonate with 100 ng of trypsin (Promega, sequencing grade). The digestion proceeded for 18 h at 37°C, and tryptic peptides were then extracted from the gel pieces twice by sonication for 15 min in a solution containing 5% trifluoroacetic acid and 50% acetonitrile. The solution was pooled together with the first extraction and then concentrated with the SpeedVac System for further matrix-assisted laser desorption and ionization-timeof-flight mass spectrometry (MALDI-ToF-MS) analysis. c The kinetics of the reaction, as followed by the integrated band area. The peaks were integrated, and the relative area was plotted as a function of time. The details are described in the "MATERIAL AND METHODS" section
Mass Spectrometry
MALDI-ToF-MS was performed as follows. The samples were mixed with equal volumes of 50% acetonitrile in water containing 0.1% TFA and 10 mg/mL sinapinic acid. The samples were then subjected to MALDI-ToF-MS in the Aulex Speed spectrometer (Bruker, USA). The MS spectra were obtained in positive linear mode and further analyzed using mMass (26) . The number average molecular weight (Mn) and the weight average molecular weights (Mw) of both free mPEG and conjugated amylin were calculated from the polymer unit distribution from their respective MALDI-ToF-MS as follows:
where Ni is the intensity of the peak, and m/z is equal to Mi. The polydispersity (Pd) index was calculated as follows:
Human Receptor Activity-Modifying Protein 2 (Extracellular Topological Domain)
The DNA sequence encoding the extracellular topological domain (ETD) of the human receptor activity-modifying protein 2 (RAMP2; residues 43-144, UNIPROT ID no. O60895) was synthesized in vitro and cloned into bacterial protein expression vector pET28b (Novagen/EMD Millipore) by GenScript Corporation (Piscataway, NJ, USA) using NdeI and EcoRI. The sequence and identity of the gene in the pET28b-RAMP2 construct was confirmed with DNA sequencing by GenScript using the T7 promoter/terminator primers.
The RAMP2 was produced as a fusion protein containing an N-terminal histidine tag and a thrombin protease cleavage site. The protein was expressed in Escherichia coli BL21DE3pLys (1 mM IPTG, 37°C, 3 h) and purified as described elsewhere (27) . In brief, RAMP2-ETD was produced in inclusion bodies. The inclusion bodies were denatured with 7 M guanidinium chloride and then purified using the IMAC Sepharose FastFlow (GE Healthcare, Brazil) and refolded by rapid dilution into 50 mM Tris-HCl buffer (pH 8.3) containing 1 M arginine hydrochloride, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, and 1 mM EDTA and left in place for 24 h at 4°C. After refolding, RAMP2-ETD was dialyzed, concentrated, and stored in 20 mM sodium phosphate buffer and 300 mM NaCl, pH 7.0, in liquid nitrogen until use.
RAMP2/Amylin Isothermal Binding Assay
RAMP2 (20 μM) was labeled with FITC (Sigma-Aldrich; 0.2 mM) in 20 mM sodium phosphate and 300 mM NaCl, pH 7.0, for 1 h at room temperature, and purified from the free FITC using a desalting column (Sephadex G25; GE Healthcare, Brazil) equilibrated with the labeling buffer. Labeling was confirmed by evaluating both contributions from protein and FITC in the absorbance spectra. The labeling efficiency was estimated at 0.1 mol FITC/1 mol RAMP2 as described elsewhere (28) .
Amylin and PEGylated amylin binding to RAMP2 was assayed by monitoring the changes in the fluorescence quantum yield of fluorescein conjugated to RAMP2 as a function of amylin. RAMP2 (50 nM) was incubated with varying concentrations of free amylin, PEGylated amylin, or free mPEG-SC (which was previously inactivated by incubating mPEG-SC with 10× molar excess L-Lys for 2 h at 37°C) for 15 min at 25°C, and the fluorescence was measured by setting the Fig. 3 . Amylin PEGylation reaction kinetics. Amylin PEGylation was performed at room temperature in the presence of a 10:1 M ratio of mPEG/amylin. The reaction was followed by monitoring the decay of fluorescamine fluorescence through the derivatization of the remaining amine groups, the concentration of which is proportional to the amount of remaining reactive amine groups in amylin (12) . Data were normalized to the percentage of initial fluorescence, after proper blank correction, as follows: % fluorescence=100×F obs /F initial . Each line represents the best fit for the data with a monoexponential decay combined with a linear function. a The reaction in PBS, pH 7.4. b The reaction in DMSO, mPEG-SC (filled circle) and mPEG-SPA (empty circle). The details are described in the "MATERIAL AND METHODS" section excitation at 485 nm and emission at 520 nm in the Spectramax M5 (molecular devices). All assays were performed in 20 mM sodium phosphate with 300 mM NaCl, pH 7.0. The results represent the mean and standard deviations of five measurements. Binding data analysis was performed with the SigmaPlot 11 (Jandel Sci).
Pharmacological Evaluation of PEGylated Amylin
The pharmacological evaluation of amylin products was performed as described elsewhere (12, 29) . In brief, 5-week-old Swiss male mice (25±1 g) were divided into three groups as follows: control (n=5), amylin (n=5), and PEGylated amylin (n =5). The animals were housed in a temperature-controlled room with a light-dark cycle of 12 h. Water and food were available ad libitum and suspended 4 h before the experiments. All mice were fasted throughout the experiments and kept at 22±2°C. The groups received 100 μL of the formulations (50 nmol/kg), equivalent to 200 μg free amylin/kg by subcutaneous injection using a standard 29-gauge needle (BD™). This dose was chosen on the basis of amylin dose dependence during fasting mice glycemia as described elsewhere (30) . The glucose concentrations were monitored following the recommendations of the Mouse Metabolic Phenotyping Center Consortium from the National Institutes of Health (31) . Whole blood samples were obtained from the tail tips of conscious, unrestrained mice. The measurements were taken both before injection and at repeated intervals after administration using pre-calibrated point-of-care glucometers (AccuChek Active, Roche Diagnostics, Germany; serial no. GN08146937), as described elsewhere (12) . This research was in compliance with the Ethics in Animal and Clinical Investigations of the AAPS Journals Ethics Policy. This protocol was approved by the Institutional Bioethics Committee on Animal Care and Experimentation at UFRJ (no. FARMACIA05/2012). 
kDa). c, d
Densitometry analysis of the digitalized gel, as conducted with ImageJ. e, f The kinetics of the reaction, as followed by the integrated band area. The peaks were integrated with Fityk, and the relative area was plotted as a function of time. The details are described in the "MATERIAL AND METHODS" section
Statistical Analysis
Statistical analysis was performed with a t test using SigmaStat, as implemented in SigmaPlot 11 (Systat Software, Inc.). The significance of the differences in the pharmacological evaluation was calculated, and values of p<0.05 were considered to be significant.
RESULTS mPEG Conjugation with Amylin
Amylin has two amine groups, both of which are located in the first amino acid residue, namely, L-lysine (Lys 1 ); one amine group is located at the amino terminus, and the other is adjacent to the ε-carbon in the side chain (Fig. 1a) . To investigate amylin modification by mPEG, we made use of two mPEG derivatives with an average molecular weight of 5 kDa: mPEG-SC (Fig. 1b) and mPEG-SPA (Fig. 1c) . Both derivatives have been shown to Amylin (5 mg/mL) was reacted in DMSO with ten times mPEG-SC molar excess for 10 min at 25°C, and the quenched reaction (with excess L-Lys) was purified by C18 RP-HPLC with a water-acetonitrile linear gradient. Collected fractions were subjected to MALDI-ToF-MS and SDS-PAGE analysis. a Chromatogram of the C18 RP-HPLC purification; b, c MALDI-ToF-MS analysis of each 1 mL samples collected from the C18 RP-HPLC purification (Fig. 6a) . Each intensity vs m/z mass spectrum in b is identified by the colors as shown in the top part of panel (C), which is the plot of the integrated intensity at each m/z (a gel-like representation). The number of mPEG moieties conjugated to amylin is indicated at the left side of panel (c). D-G SDS-PAGE analysis of each 1-mL sample collected from the C18 RP-HPLC purification (Fig. 6a) . The elution times are indicated by the numbers below panels d and e and above panels f and g, and L and mA are the ladder and free amylin, respectively. d, f Images of the SDS-PAGE fractions collected up to 11 min; e, g images of the SDS-PAGE fractions collected after 11 min. Both SDS-PAGE gels were run in parallel in the same electrophoresis system, and the top and bottom parts of the gel in these images are made visible for the sake of clarity. d, e Images from the gel stained with Coomassie Brilliant Blue for polypeptide moiety identification; f, g images from the same gel that were subsequently stained with barium/iodine for PEG moiety identification b display preferential reactivity with primary amine groups, although succinimidyl derivatives have also been shown to conjugate to hydroxyl groups such as those found in serine, tyrosine, and threonine (32) (33) (34) (35) .
We first attempted to conjugate amylin with mPEG-SC by using a molar ratio of 2 mPEG-SC to 1 amylin in DMSO. The conjugation reactions were resolved on 22.5% SDS-PAGE gels (18), revealing two major products in addition to free amylin (Fig. 2b) . These two conjugate products were formed within 10 min, with no further apparent increment Fig. 7 . Identification of the PEGylation sites in amylin. a MALDI-ToF-MS analysis of tryptic digests from PEGylated amylin. mPEG-SC was allowed to react with amylin (10:1) for 4 h, and the reaction was resolved by SDS-PAGE. Bands were removed from the gel and digested with trypsin for further MALDI-ToF-MS analysis of the resulting peptides. Inset, SDS-PAGE analysis of the reaction products and an indication of the excised bands (labeled #1 and #2) used for tryptic digestion. b MALDI-ToF-MS analysis of free mPEG-SC-NHS. c MALDI-ToF-MS analysis of free mPEG-SPA-NHS. The calculation of the average molecular number (Mn) and the average molecular weight from the MALDI-ToF-MS analysis is shown in Table II . The details are described in the "MATERIAL AND METHODS" section after up to 2 h of reaction. The amylin did not react completely, as observed by the remaining band of free amylin in the SDS-PAGE (Fig. 2b) . A densitometric analysis of the SDS-PAGE suggests that approximately one third of the amylin remained after 2 h of reaction, approximately one third of the amylin was converted to the monoPEGylated, and another one third was converted to the diPEGylated amylin products (Fig. 2c ). These data demonstrate the highly reactive nature of the amine groups against a succinimidyl mPEG agent as indicated by a fast reaction, although the incomplete reaction leading to the remaining free amylin indicates the need for higher concentration of mPEG in the reaction milieu to obtain better efficacy in amylin conjugation. We then conducted amylin conjugation with both mPEG-SC and mPEG-SPA by using a 10:1 M ratio and by performing the PEGylation reaction in two distinct liquid phases as follows: aqueous buffer (phosphate-buffered saline, pH 7.4) and organic solvent (DMSO). We followed the reaction between mPEG and amylin by evaluating the remaining amine groups (Fig. 1d) through derivatization with fluorescamine. We observed a steep decrease in fluorescamine fluorescence intensity as a function of time within the first 2 to 4 h of reaction in PBS, pH 7.4 (Fig. 3a) , and in DMSO (Fig. 3b ). This decrease was followed by a slow reaction phase for the remaining groups. Both mPEG-SC and mPEG-SPA showed similar reaction rates in both PBS (Fig. 3a) and DMSO (Fig. 3b) , with mPEG-SC reacting faster than mPEG-SPA. To date, we have no explanation for this behavior.
The conjugation reactions with both mPEG agents were resolved on 22.5% SDS-PAGE gels (18) , revealing the appearance of at least four distinct bands for PEGylated amylin products, both in aqueous medium (Fig. 4a, b) and for the reaction taking place in DMSO (Fig. 5a, b) . Within 10 min of the reaction, two major products were observed. Within 1 h of the reaction, most of the amylin had been conjugated. Further incubation for longer periods of time (up to 24 h) resulted in the appearance of products with higher molecular weights, both for reactions taking place in PBS (Fig. 4a, b) and for those in DMSO (Fig. 5a, b) .
A detailed evaluation of the PEGylation reaction was obtained from densitometry analysis of the SDS-PAGE results, which revealed a band corresponding to the free amylin, as well as four additional bands. This banding pattern was observed for the conjugation with mPEG-SC in both aqueous (Fig. 4c ) and organic media (Fig. 5c) and also for the conjugation with mPEG-SPA in aqueous solution (Fig. 4d ) and in DMSO (Fig. 5d ). An evaluation of the reaction kinetics through densitometric analysis of the SDS-PAGE results revealed that most of the changes occurred within 2 h of the reaction time in both solution conditions (aqueous and organic) and with both mPEG agents (Fig. 4e, f) , with a slow secondary reaction taking place to a small extent during longer incubations. A faint band for the fifth reaction product became evident after 24 h of reaction in both solvents and with both mPEG agents. These data suggest that mPEG succinimidyl agents might be reacting with the two amine groups, as indicated by the fast decay in mPEG availability (Fig. 3) and the slower kinetic rate at which the mPEG agents would be reacting with other nucleophilic groups, such as the hydroxyl moieties of the Ser, Thr, and Tyr residues present in the amylin peptide.
Purification and Characterization of PEGylated Amylin Products
We conducted an amylin PEGylation reaction with mPEG-SC in DMSO for 10 min and subjected it to purification by using the C18 RP-HPLC method (Fig. 6a ). Samples were collected and subjected to both MALDI-ToF-MS (Fig. 6b, c) and SDS-PAGE analysis (Fig. 6d-g ). We observed a product with a molecular weight of approximately 8∼9 kDa (Fig. 6b, c) in the first fractions (elution time about 9.6 min, Fig. 6a ), indicating a monoPEGylated amylin. The subsequent fractions (up to 11 min of elution time) also indicated a major contribution by the monoPEGylated amylin, although they had increasing average molecular weights (Fig. 6b, c) , indicating that the purification method was able to separate the mPEG isomers of increasing average molecular weights. Fractions collected between elution times of about 11 and 12.5 min were also identified by MALDI-ToF-MS analysis as a diPEGylated amylin (Fig. 6b,  c) . Additional samples collected at increasing elution times revealed an amylin conjugated with three or more mPEG moieties (Fig. 6b, c) .
The purified mPEG-amylin products were also subjected to SDS-PAGE analysis and stained with both Coomassie Brilliant Blue (for the identification of the polypeptide moiety, Fig. 6d , e) and iodine (for the identification of the PEG moiety, Fig. 6f, g ) showing that both products had equivalent distribution patterns in the MALDI-ToF-MS analysis and in terms of electrophoretic mobility, thereby intervalidating the SDS-PAGE as a tool for monitoring PEGylation reaction progress. Data obtained from the mass spectra as shown in Fig. 7 Mn=Σ(Ni*Mi)/ΣNi Mw=Σ(Ni*Mi 2 )/Σ(Ni*Mi) Pd=Mw/Mn N i =intensity at given m/z; M i =major m/z peaks
Identification of PEGylation Sites
An mPEG-SC amylin conjugation reaction was subjected to SDS-PAGE, and the separated band products were excised from the gel for further in-gel trypsinization. The resulting peptide products were analyzed by MALDI-ToF-MS. The PEGylated amylin resulted in trypsin digestion products with a typical spectrum of a PEGylated product, with a distribution of m/z peaks differing in 44 Da, the molecular weight of an ethylene glycol monomer unit (Fig. 7) .
Amylin has only two trypsin digestion sites, namely, Arg11 and Arg18 (Table I ). Cleavage at these sites would Fig. 8 . Purification of mono-and diPEGylated amylin with mPEG-SC and mPEG-SPA in organic solvent. Amylin (5 mg/mL) was reacted in DMSO with ten times mPEG-SC (a, c, e) or mPEG-SPA (b, d, f) molar excess for 4 h at 25°C. The quenched reactions were purified by C18 RP-HPLC, which was followed by MALDI-ToF-MS analysis. a, b Chromatograms from the C18 RP-HPLC purifications. The peaks were collected and freeze-dried for further use. Free indicates the retention time region for unmodified amylin (the chromatogram of free amylin alone is not shown), peak I indicates the monoPEGylated amylin, peak II indicates the diPEGylated amylin, and peak III indicates the pooled remaining fractions containing other PEGylation products. Tail is the fraction collected between peaks "I" and "II," and R is the quenched reaction before RP-HPLC purification. Inset, SDS-PAGE characterization of the RP-HPLC fractions. c, d MALDI-ToF-MS analysis of monoPEGylated amylin (peak I) e, f MALDI-ToF-MS analysis of diPEGylated amylin (peak II). The details are described in the "MATERIAL AND METHODS" section result in peptide products with masses of 832 Da (amylin [12] [13] [14] [15] [16] [17] [18] ). As a consequence of the inherent Pd of mPEG derivatives, it is not possible to obtain a single, discrete molecular weight for the PEGylated peptide. From the MS spectra of the PEGylated tryptic digestion products (Fig. 7, inset) , we have calculated the m/z for these distributions, with both the Mn and the Mw (Table II) yielding a Pd of 1.002 for both digestion products. The difference between the Mn of the digest products was 11,613 − 6,435 = 5,178, corresponding to the average Mn of the conjugated mPEG. The difference between the Mw of the digest products was 11,643−6,448= 5,195, which is the average Mw of the mPEG conjugated to the peptide.
To better estimate the molecular weight of the mPEG agents used in this work, we subjected them to MALDIToF-MS analysis, resulting in Mn and Mw of 5,435 and 5,481, respectively, for mPEG-SC ( Fig. 7b ; Table II) , and Mn and Mw of 5,443 and 5,482 for mPEG-SPA, respectively ( Fig. 7c ; Table II Table I ), which includes the Lys 1 and its two primary amines, with the groups expected to be conjugated by mPEG using succinimidyl as a reactive agent. These data suggest that the conjugation site for both monoPEGylated amylin and diPEGylated amylin lies within the amino acids region 1-11. The fast formation of these two PEGylated products (Figs. 4a, b and 5a, b) occurs within a time scale that is compatible with a reduction in the amount of aminereactive groups (Fig. 1) . Collectively, these data indicate that the major PEGylation site in amylin with succinimidyl mPEG derivatives is in the Lys 1 residue. We believe that secondary PEGylation reactions taking place at a slower rate might involve hydroxyl groups coupling of the Ser, Thr, and Tyr side chains, but a determination of the exact positional isomers requires further investigation. However, while residue Lys 1 has been shown to play no fundamental role in receptor interactions, the remaining portion of amino acids 5 to 37 is involved in self-assembly (36) and in interacting with other molecular partners (2, 36, 37) . Consequently, Lys 1 PEGylation is a preferable strategy for amylin conjugation and prevents a loss of function.
Pharmacological Evaluation of PEGylated Amylin Products
To conduct a pharmacological evaluation of the PEGylated amylin products, we first carried out a preparative reaction of both mPEG-SC and mPEG-SPA in DMSO followed by C18 reversed phase HPLC purification. We obtained well-separated peaks for PEGylation reactions conducted with both mPEG-SC (Fig. 8a ) and mPEG-SPA (Fig. 8b) , with both reactions exhibiting similar elution times for peaks I (∼10.5 min), II (∼11.7 min), and III (13 min) and a fraction ("tail") collected between peaks I and II. The pooled peaks were analyzed by SDS-PAGE ( Fig. 8a, b; inset) , which showed high purity for pooled fractions I and II, while the small tail between peaks I and II appeared to be a combination of peaks I and II. To confirm the identity of the PEGylation products, we conducted MALDI-ToF-MS analyses of these peaks (Fig. 8c-f) .
Amylin exerts its function by interacting with the RAMP, a protein family composed of three single-transmembrane proteins involved in the intermediation of G protein-coupled receptors (2, (38) (39) (40) (41) (42) . A RAMP2 extracellular topological domain Fig. 9 . PEGylated amylin interaction with RAMP2. Free amylin and mono-and diPEGylated amylin were assayed for the ability to bind to RAMP2 using fluorescein-labeled RAMP2 (RAMP2-FITC). Empty circle, free amylin; inverted triangle, monoPEGylated amylin; empty square, diPEGylated amylin; diamond, free mPEG-SC-L-Lys. Binding was performed in 20 mM sodium phosphate and 300 mM NaCl, pH 7.0, at 25°C. Fluorescence was measured with emission at 520 nm and excitation at 485 nm. Symbols represent the mean and standard deviation of five measurements. Lines are the best adjustments to sigmoid four parameters logistic function. Details are available in the "MATERIAL AND METHODS" section interaction with amylin and PEGylated amylin was performed by an isothermal binding assay with fluorescein-labeled RAMP2 (RAMP2-FITC). RAMP2-FITC (50 nM) was incubated with varying concentrations of murine amylin and with the purified mono and diPEGylated amylin. We first conducted the RAMP2-amylin binding assay by performing fluorescein anisotropy on fluorescein-labeled RAMP2. However, a large change in the fluorescein quantum yield as a function of ligand binding took place, limiting the use of fluorescence anisotropy data as a result of the need for extensive mathematical correction to changes in quantum yield and fluorescence lifetimes (43) . Instead, fluorescein change is a direct consequence of the interaction, and thus the isothermal binding assay results could be directly inferred from the dependence of fluorescence changes on the ligand concentrations (43) .
We then followed the fluorescence increase of the fluorescein moiety as a function of the ligand concentration (Fig. 9) . Changes occurred in the high nanomolar concentration range, reaching a saturation at approximately 3 μM for free amylin and 20 μM for mono-and diPEGylated amylin. To rule out a direct PEG moiety effect on RAMP2, we performed a control assay using mPEG-SC conjugated to L-Lys, resulting in no significant interactions in the same concentration range. Data analysis allowed us to estimate a C50%, i.e., a concentration resulting in a 50% transition, of 0.27±0.07 μM for free amylin and 11.21 ± 1.8 and 12.49 ± 4.9 μM for mono-and diPEGylated amylin, respectively. Collectively, these data demonstrate that both monoPEGylated amylin and diPEGylated amylin are effective in performing direct interaction with the amylin co-receptor RAMP2. The PEGylated amylin products were then evaluated for their in vivo biological activity by monitoring the product's potential to reduce glycemia when administered subcutaneously to mice (Fig. 10) . Unmodified amylin (50 nmol/kg) treatment resulted in a marked glycemia reduction, reaching its maximum effect at 2 h after s.c. administration and with complete recovery to control glycemia values at 6 to 8 h after s.c. administration (Fig. 10a) . These results are in agreement with previously published work (12) . Both the monoPEGylated and diPEGylated amylin products (50 nmol/kg) that were obtained with the mPEG-SC reagent resulted in a sustained glycemia reduction for 8 to 12 h following s.c. administration (Fig. 10b) . The PEGylated amylin products that were obtained from mPEG-SPA showed an enhanced effect on glycemia reduction for up to 8 h, while the diPEGylated amylin isomer that was obtained with mPEG-SPA showed no significant difference from the unmodified amylin test group (Fig. 10c) .
DISCUSSION
Nearly 90 years have passed since the discovery of insulin and the subsequent development of slow/basal insulin products targeting basal levels. Since then, no further significant advances have been observed in the improvement of the available protein therapeutics for the treatment of diabetes (44) , and so this goal has yet to be actualized. Islet transplantation (45) and beta-cell regeneration (46) are considered to be optimum target approaches, but they are still under development.
Amylin displays remarkable effects on diabetes physiology, including significant improvements in the tight control of glycemia (2, 47, 48) . It would be highly desirable to perform amylin restoration in conjunction with insulin treatment, preferably with a highly humanized therapy that minimizes injections. Amylin interacts with insulin (36, 49, 50) , and combining insulin and the amylinomimetic compound pramlintide in the same vial is not recommended (51) . As a consequence, two injections-including insulin-are needed at mealtime for patients engaged in amylinomimetic compounds restoration. Even in this scenario, a basal amylin level cannot be achieved using the currently available therapeutic products.
In the field of novel biotherapeutic protein design, increasing the in vivo biological activity of compounds has typically been achieved using bioconjugation strategies with large, biocompatible molecular partners, such as fatty acids, albumin, and polyethylene glycol, which directly or indirectly inhibit renal excretion (52) (53) (54) (55) (56) (57) (58) . With this strategy in mind, we have designed and obtained PEGylated amylin conjugates with high reaction efficiency through the reaction of mPEG-SC and mPEG-SPA to the two amine groups of the Lys1 residue, which has been confirmed by trypsin digestion followed by MALDI-ToF-MS analysis. The major positional isomer of the Lys 1 -monoPEGylated amylin has yet to be Fig. 10 . In vivo pharmacological evaluation of mono-and diPEGylated amylin with mPEG-SC and mPEG-SPA. These experiments were performed with a dose of 50 nmol amylin product/kg body weight, with conscious, unrestrained fasting mice. The points and bars represent the means ± standard deviations, respectively (n=5). *p<0.05 (unpaired t test). a Free amylin, b amylin conjugated with mPEG-SC, c amylin conjugated with mPEG-SPA. Control (saline/filled circle), free (nonmodified) amylin (empty circle), monoPEGylated amylin (filled square), diPEGylated amylin (empty square). The details are described in the "MATERIAL AND METHODS" section characterized (in terms of whether it was coupled to its α-or ε-amino group), and this feat would most likely be accomplished using NMR spectroscopy of 15 N-isotopically labeled amylin (59) . The reaction occurred within a few minutes and can be purified by conventional reversed phase chromatography C18 RP-HPLC, resulting in PEGylated amylin products with biological activity. The mPEG-SC mono-and diPEGylated amylin products were effective in depressing glycemia in vivo, an effect lasting approximately 6 h longer than the effect of regular, unmodified amylin. These data indicate a PEGylation enhancement of the amylin circulation halflife, resulting in extended regulation over glucose homeostasis. Further improvements could be achieved using PEG molecules with longer or branched chains. The PEGylation of amylin with derivatives of higher molecular weight (13, 14) could also be a strategy for enhancing the persistence of amylin biological activity, providing a more extended effect on glycemia beyond the one observed here with mPEG 5 k. A more in-depth investigation of the pharmacokinetics will be necessary to fully understand this process, PEGylation reactions with a lower molar ratio were not satisfactory because about half of the amylin did not react. Using a molar ratio of 10 mol PEG/1 mol amylin led to complete amylin conversion within a few minutes, both in aqueous and organic solutions with the conjugated products. We believe that an organic solvent would be a more appropriate milieu for amylin conjugation (60) because of solubility issues in aqueous solution (61) , in particular for human amylin (9) and amylin from other organisms, along with amylinomimetic compounds (11, 62, 63) .
CONCLUSIONS
We envision that our current approach could be used for the development of PEGylated human amylin or PEGylated amylinomimetic compounds such as pramlintide. Human amylin displays limited, nanomolar water solubility (9) and quickly aggregates into an inactive form (64) . There is an increasing evidence that human amylin aggregation can be hampered by molecular confinement and conjugation (12, (65) (66) (67) (68) (69) (70) (71) (72) . The PEGylation of human amylin could serve as a strategy to improve both its half-life and its water solubility and to avoid protein interactions and aggregation, as previously suggested by the inhibition of amylin by alkylation (73) . In fact, previous evidence suggests that peptide PEGylation from the highly amyloidogenic region of human amylin blocks fibrillogenesis (74) . We believe that our present method might inspire the development of further amylin bioconjugates.
